© Versita Sp. z o.o. Biopolymeric microparticles were prepared by rapid expansion of high pressure CO 2-chitosan (Chi) solution in sodium bis-(2-ethyl hexyl) sulfosuccinate (AOT) solution. At pressures higher than 2 MPa, ultrafine particles were formed while under this value, wires were obtained. The formation of Chi/AOT complex was confirmed by Fourier Transform Infrared (FTIR) Spectroscopy, whereas scanning electron microscopy was used to characterize the morphology, size and shape of the particles. The FTIR spectrum proved the interaction between the sulfonate groups of AOT and the amino groups of Chi. Microparticles are quasi-spherical in wet conditions and irregular after freeze drying, presenting a rough surface with many pores. Lyophilized hydrophobic microparticles were used to remove phenol and o-cresol from aqueous solution, and the adsorption process showed a maximum efficiency in the 7-8 pH range. The uptake of phenol and o-cresol increased with the amount of particles and decreased with increasing the pollutant concentration. The adsorption occurred rapidly in the first 60-120 minutes, and leveled off thereafter.
Introduction
The pollution of ground and underground water by phenolic compounds is a very important environmental problem. Phenol and phenol derivatives are major pollutants because of their high toxicity even at low concentrations [1] . World Health Organization (WHO) prescribes 1 mg L -1 as the maximum permissible concentration of phenol in drinking water [2] . Phenol concentration greater than 1 mg L -1 affects aquatic life. Therefore, in most cases stringent effluent discharge limit of less than 0.5 mg L -1 is imposed [3] . The use of biopolymers as adsorbents for hazardous pollutants and cleaning the wastewater has been intensely studied in the last years [4] [5] [6] [7] . Chitosan (Chi) has also been investigated for pollutants removal from water. Chi is deacetylated chitin, a natural cationic polymer extracted from crab and shrimp shells. The basic units of Chi, 2-deoxy-2-acetyl amino glucose, are bound in positions 1-4 and form a linear chain polymer, with the chemical structure 2-amino-2-deoxy-(1→4)-β-Dglucopyranan. The protonation of amino groups makes Chi water soluble and the two hydroxyl groups can be chemically modified to give useful products in different fields of applications [8] . As compared to many other natural polymers, Chi can acquire positive charges and acts as a chelating agent that selectively binds trace metals [9] , being used as coagulant in wastewater treatment [10] , or in fabrication of composite materials [11] .
The adsorption capacity of phenols onto Chi is very small (1.98-2.58 mg g -1 ) [12] . The interaction between the Chi microparticles and phenolic derivatives is considered mainly as non-polar, and the forces responsible for adsorption are physical van der Waals forces [13] . Only a few reports on the use of Chi for the removal of phenols Central European Journal of Chemistry are available [12, 14] . Several types of Chi-based adsorbents like chemically modified Chi, Chi-calcium alginate beads, Chi-abrus precatorius blended beads [7] have been studied and satisfactory results in adsorption of phenol and phenol derivatives have been obtained.
To improve the adsorption of phenols onto Chi, one solution is to obtain a hydrophobic surface of biopolymeric particles. Phenols are hydrophobic ionisable organic compounds therefore interaction with a hydrophobic adsorbent favors the adsorption. Sodium bis-(2-ethyl hexyl) sulfosuccinate (AOT) was used to obtain hydrophobic Chi/AOT microparticles [15] . AOT is an anionic surfactant which contains two tails in the lipophilic part that can self-aggregate [16] . The amino groups of Chi serve as reaction sites for ionic interaction with the anionic surfactant. It may be at least possible that the protonated Chi in acetic acid solution to be neutralized by the dissociated negative AOT ions through electrostatic interaction, like in the case of interaction between Chi and sodium dodecyl sulfate [17] [18] [19] .
The aim of present study is to obtain Chi/AOT microparticles by spraying the high pressure CO 2 -Chi solution into AOT solution. By using this technique of preparation, small particles formed by Chi/AOT complex can be obtained, which implicitly leads to increased adsorption surface area. Carbon dioxide is used as propelling gas because it is nontoxic, nonflammable, inexpensive, environmentally benign, and does not react with Chi [20] . Hydrophobic Chi/AOT microparticles were prepared in order to remove phenolic pollutants from wastewaters at different pH.
Experimental procedure

Materials
Chi with medium molecular weight (M w = 120±70 kDa) was supplied by Aldrich and used without purification. AOT 98%, phenol 99%, o-cresol 99%, acetic acid 99% from Sigma were used as received. Carbon dioxide 99.9% was purchased from Linde Gas Romania. The pH of the solutions is adjusted to the required value with 0.1 N HCl and 0.1 N NaOH solutions. The water used in the experiments was Millipore filtered.
Synthesis of ultrafine particles
The Chi solution was obtained by dissolving 2 g of Chi in 100 cm 3 of 0.5% (v/v) aqueous acetic acid solution under magnetic stirring at 300 rpm for 24 h at room temperature. In order to obtain ultrafine particles, an experimental apparatus equipped with a high pressure cell was used. The Chi/AOT ultrafine particles are instantaneously formed when 2 mL Chi solution 2% (wt/wt), preheated 1 h at 40ºC, is sprayed using CO 2 at different pressures, into 20 mL AOT 0.03M aqueous solution through a stainless steel capillary nozzle of 30 mm length and 0.4 mm diameter. The pre-expansion pressure was 1-5 MPa and the distance from the nozzle tip to surfactant solution interface was of about 20 mm. The obtained microparticles were separated by centrifugation, washed 4 to 5 times with 100 mL Millipore water on a microporous filter, then with ethanol to remove surfactant traces and finally freeze-dried using an ALPHA 1-2 LD plus apparatus. The microparticles were kept in desiccator at room temperature for later use.
Characterization of microparticles
The Fourier Transform Infrared (FTIR-ATR) spectra were recorded on a Nicolet iN10 FT-IR microscope with iZ 10 external module, in the 650-4000 cm -1 wavenumber range, at a spectral resolution of 4 cm -1 . The size and morphology of particles were determined by optical microscopy on a Magnum trinocular and by scanning electron microscopy (SEM) using a Quanta 3D FEG 200/400 apparatus.
Batch adsorption studies
Variable doses of lyophilized Chi/AOT particles (from 0.2-2.0 g L -1 ) were taken in a flask containing 25 mL pollutant solution at different pH and stirred at 60 rpm until the equilibrium was reached. The solutions were filtered and the pollutant concentration in aqueous phase was recorded by a VARIAN 100 bio Spectrophotometer at 270 nm.
The adsorption capacity of the Chi/AOT microparticles is determined by material balance of the initial and equilibrium concentrations of the solutions. The adsorption capacity of phenol derivatives was calculated according to the following equation:
( 1) where q e (mg⋅g -1 ) is the equilibrium adsorption capacity, C 0 and C e (mg L -1 ) are the initial and equilibrium concentrations of adsorbate in solution, respectively, V (L) is the volume of pollutant solution and m (g) is the dry weight of adsorbent material. The equilibrium adsorption capacity (q e , mg g -1 ) of Chi/AOT microparticles was plotted against the equilibrium concentration (C e, mol L -1 ) of phenolic pollutant in order to construct the adsorption isotherms. The equilibrium adsorption isotherm data were fitted with Langmuir and Freundlich isotherm models.
Kinetics adsorption studies
In order to determine equilibrium time for maximum uptake, the adsorption of phenolic pollutants from aqueous solutions of different concentrations using Chi/ AOT particles at adequate pH was studied as a function of contact time. The adsorption capacity of the Chi/AOT particles at different contact time was also determined. Pseudo-first-order and pseudo-second-order kinetic equations were used to explain the dynamics of adsorption.
Results and discussion
Characterization of Chi/AOT complexes
FTIR spectroscopy
The interaction between the biopolymer and surfactant was studied by FTIR spectroscopy. Fig. 1 shows the FTIR spectra of AOT, Chi, and Chi/AOT complex form of particles.
The characteristic peaks of Chi appear at 1642 cm 
Microscopy of the microparticles
A spraying process at high pressure CO 2 /Chi into AOT solution produces Chi/AOT microparticles with special properties that are different from those of the complexgel beads obtained by dripping Chi into an anionic surfactant at atmospheric pressure [15] .
Depending on the applied pre-expansion pressure of Chi solution, the obtained complex-gel Chi/AOT can be form as microparticles (Fig. 2a) or wires (Fig. 2b) . Microparticles that arise like irregular aggregates are obtained at CO 2 /Chi pressure higher than 2 MPa and below this value Chi/AOT wires are formed. This behaviour is proved by optical microscopy of Chi/AOT complex made 10 minutes after the Chi spraying in AOT solution.
Microparticle morphology was revealed by SEM microphotographs. Fig. 3a presents the typical morphology of Chi/AOT wet microparticle, with a diameter around 800 µm, whereas Fig. 3b shows its relatively smooth surface with granulated texture and significant porosity. Fig. 4a shows a lyophilized microparticle, which has been pressed with the tips of a pair of tweezers during handling to place it on the SEM sample holder. Fig. 4b illustrates the surface of a particle. The lyophilized microparticles present pores, and a good delimited surface with an internal porous pattern. The lyophilized microparticles have a much bigger surface roughness and porosity. They are highly porous and collapse very easily under pressure.
The interior of lyophilized microparticle is presented in Fig. 5 . It shows the broken edge of particle, with a denser wall delimiting the sphere, which is around 10 microns thick (Fig. 5a) , and a highly porous sponge-like interior (Fig. 5b) . The morphology of synthesized microparticles suggests their possible applications in adsorption of organic pollutants from water.
The formation of Chi/AOT shell membrane can be explained by obtaining the complex following the AOT diffusion from the particle surface inwards. AOT lamellar micelles interact with Chi leading to the formation of a dense structure which reduces the AOT rate of diffusion within the microparticle. Through Chi interaction with the AOT lamellar micelles, the microparticle surface is covered with a layer of hydrocarbon chains of surfactant that gives it a hydrophobic character. Phenols can interact with hydrocarbon chains of AOT by CH-π interactions. The contact angle of water on Chi/AOT membrane is 108 degrees [15] . This value confirms the hydrophobic character of the surface of Chi/AOT microparticles.
Adsorption of phenolic pollutants
In this paper the adsorption process of phenolic pollutants on Chi/AOT lyophilized microparticles is studied taking into account the following parameters: pH of adsorption, amount of adsorbent, contact time of adsorption process and kinetic parameters. 
Adsorption equilibrium
The most important parameter which influences the adsorption capacity is the pH of pollutant solution. The effect of pH on adsorption process shows physicochemical interactions between solute in solution and the adsorptive sites of the adsorbent. The effect of pH on adsorption capacity is studied at different initial concentrations, in the range of 21.6-108 mg L -1 (Fig. 6) . The adsorption data reveal a similar behaviour for both organic contaminants, but for phenol the values of adsorption capacity are lower than for o-cresol at all values of initial concentrations used. The maximum adsorption capacities are 4.9 mg g -1 for phenol at pH=7.5 and 5.4 mg g -1 in the case of o-cresol at pH=7.7. The maximum adsorption capacities are recorded at different pH values because the pKa of o-cresol is higher than that of phenol [21] .
The solubility of phenol is greater than o-cresol [21] and therefore the tendency of phenol to adsorb from aqueous phase is lower than o-cresol. Thus one can say that the adsorption of phenol and o-cresol onto Chi/ AOT microparticles mainly occurs due to hydrophobic interactions.
Phenols can exist both as protonated as well as deprotonated species depending on the solution pH. The decrease of adsorption capacity of phenol and o-cresol at acidic pH may be the result of impediments in forming hydrogen bonds between OH groups of phenols and OH groups of Chi. Electrostatic repulsions existing between the ionized OH groups of Chi and the phenolate anions at alkaline pH can explain the decrease in removal of phenolic compounds from aqueous solutions by Chi/ AOT microparticles. Fig. 7 shows the effect of adsorbent dose on the adsorption capacity. One may observe that the adsorption capacity of phenol and o-cresol increases rapidly with the dose of Chi/AOT microparticles due to high availability of binding sites of the adsorbent, and levels off above 1 g L -1 of adsorbent. Therefore, the optimum dosage for Chi/AOT microparticles is 1 g L -1 . At this amount the value of adsorption capacity is between 81.4-94.7% in the case of phenol and 83.2-95% for o-cresol (Fig. 7) .
The equilibrium data can be analyzed using the Langmuir and Freundlich isotherms [22] . The most used isotherm equation for modeling the adsorption process is Langmuir, which has been successfully applied to many processes of organic compounds adsorption where K F is the Freundlich constant related to the adsorbent capacity, and n is a constant that depends on the adsorption intensity. The Freundlich constant (K F ) and exponent, n, are calculated from the intercept and slope of the plot of log q e versus log C e .
The q e values obtained from Langmuir and Freundlich isotherms are plotted along with the experimental adsorption data points in Fig. 8 .
The adsorption parameters related to Langmuir and Freundlich isotherms are presented in the Table 1 .
The experimental data show a good correlation for the Langmuir model. From Table 1 , it can be observed that the maximum adsorption capacity of Chi/AOT microparticles for phenol and o-cresol is 5.16 mg g -1 and 5.62 mg g -1 , respectively. The characteristics of the Langmuir isotherm can be expressed in terms of separation factor or equilibrium parameter, R L , given by equation [25] :
The calculated R L values at different initial phenol and o-cresol concentration are plotted in Fig. 9 . R L values in the range of 0 to 1 at all initial pollutant concentrations indicate favorable adsorption of phenol and o-cresol onto Chi/AOT microparticles. Adsorption was found to be more favorable at higher concentrations.
All linear coefficients of determination (r 2 ) are smaller than 0.96 for Freundlich model (Table 1) indicating that this model does not apply well. At low concentrations, Freundlich model fitted the experimental data well. The values of n calculated for all data and at low phenolic pollutant concentrations in the range of 1-10 indicate favorable adsorption, which can be attributed to the molecular interaction between adsorbent and adsorbate.
Interaction between pollutants and microparticles
FTIR spectroscopy investigations revealed interactions between Chi-based lyophilized microparticles and the two pollutants. Fig. 10 presents the FTIR spectra of Chi/AOT lyophilized microparticles after the phenol and o-cresol adsorption process.
The increase in intensity of the OH stretching band at 3395 cm -1 for phenol and at 3396 cm -1 for o-cresol and in the band corresponding to the N-H bending (Chi/AOT) and C-C aromatic stretching (phenols) at 1634 cm -1 , is related to the presence of phenol and o-cresol adsorbed onto Chi/AOT microparticles. The broad bands at 3395-3396 cm -1 also indicate the hydrogen bonding between the primary and secondary hydroxyl groups of Chi and phenols. The S=O symmetric and antisymmetric stretching vibrations at 1204 cm and 1086 cm -1 in Chi/AOT-phenolic pollutant spectrum. This shows the formation of hydrogen bonds between the sulfonate group of Chi/AOT complex and OH group of phenol.
The maximum that corresponds to C-H stretching vibrations of aromatic ring shifts from 1527 cm -1 (Chi/AOT) to 1533 cm -1 (Chi/AOT-Phenolic pollutants). This observation supports the assumption that CH-π interactions are possible between pollutants and Chi/AOT microparticles. The CH-π interactions are weak hydrogen bond-like forces occurring between aliphatic CH groups of AOT and aromatic π-groups of phenol and o-cresol.
Kinetics of adsorption
The effect of contact time on the adsorption capacity was investigated at different pollutant concentrations at 25ºC. It was observed that the adsorption capacity, q e (mg g -1 ), increases with contact time for all initial pollutant concentrations. The experimental data, presented in Figs. 11 and 12 , show that adsorption of phenol and o-cresol occurs rapidly in the first 100-120 min and reaches equilibrium in about 520 minutes. The higher initial adsorption rate may be due to the large number of vacant sites available as a result of increasing the concentration gradients between phenol from solution and that adsorbed.
In the current study, the applicability of the Lagergren pseudo-first order model [26] and the pseudo-secondorder model [26, 27] 
where k 2 (g mg -1 min −1 ) is the pseudo-second-order adsorption rate constant. Kinetic parameters obtained by fitting the adsorption experimental data with these two kinetic equations are reported in Tables 2 and 3. The low values of correlation factors, r 2 , (Table 2 ) indicate that pseudo-first-order model did not fit the adsorption data well. From Table 3 one can observe that the adsorption process follows the pseudo-second-order kinetics with coefficients of determination higher than 0.99. Kinetics of phenol and o-cresol adsorption on Chi/ AOT particles followed the pseudo-second-order model suggesting that chemisorption by hydrogen bonding is the rate-limiting step [27] . The q e values calculated with pseudo-second-order equation are in agreement with experimental q e values. 
Conclusions
This study shows that Chi/AOT ultrafine particles are obtained using an apparatus equipped with a high pressure cell for spraying the CO 2 -biopolymer mixture into the anionic surfactant solution. Depending on the spraying pressure, either microparticles or wires are obtained. The interaction between Chi and AOT is proved by FTIR spectra, whereas SEM shows that the lyophilized Chi/AOT microparticles present a higher roughness and porosity than the wet particles. Lyophilised Chi/AOT microparticles have been used in advanced treatment of wastewaters for the retention of phenol and o-cresol. The adsorption of phenol and o-cresol occurs rapidly in the first 60-120 minutes followed by a slow process. The phenolic pollutant removal attains a maximum in the range of pH 7-8, increases with the amount of Chi/AOT adsorbent and decreases with increasing the initial pollutant concentration. The Langmuir isotherm describes well the results obtained and indicates favorable adsorption of phenol and o-cresol onto Chi/AOT particles. The pseudo-secondorder kinetics indicates the chemisorption of pollutants on Chi/AOT particles. FTIR spectra confirm the existence of interactions between phenol and o-cresol and the Chi/AOT adsorbent. The CH-π interactions play a major role and the hydrogen bonds enhance the adsorption process. The present study shows that Chi/AOT microparticles are an effective adsorbent for removal of phenol and o-cresol from aqueous solution.
